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The reactions of Ru1 with C2H6, C3H8, HC(CH3)3, and c-C3H6 at hyperthermal energies have
been studied using guided ion beam mass spectrometry. It is found that dehydrogenation is
efficient and the dominant process at low energies in all four reaction systems. At high
energies, C–H cleavage processes dominate the product spectrum for the reactions of Ru1 with
ethane, propane, and isobutane. C–C bond cleavage is a dominant process in the cyclopropane
system. The reactions of Ru1 are compared with those of the first-row transition metal
congener Fe1 and the differences in behavior and mechanism are discussed in some detail.
Modeling of the endothermic reaction cross sections yields the 0-K bond dissociation energies
(in eV) of D0(Ru–H) 5 2.27 6 0.15, D0(Ru
1–C) 5 4.70 6 0.11, D0(Ru
1–CH) 5 5.20 6 0.12,
D0(Ru
1–CH2) 5 3.57 6 0.05, D0(Ru
1–CH3) 5 1.66 6 0.06, D0(Ru–CH3) 5 1.68 6 0.12,
D0(Ru
1–C2H2) 5 1.98 6 0.18, D0(Ru
1–C2H3) 5 3.03 6 0.07, and D0(Ru
1–C3H4) 5 2.24 6
0.12. Speculative bond energies for Ru1 5 CCH2 of 3.39 6 0.19 eV and Ru
1 5 CHCH3 of
3.19 6 0.15 eV are also obtained. The observation of exothermic processes sets lower limits for
the bond energies of Ru1 to ethene, propene, and isobutene of 1.34, 1.22, and 1.14 eV,
respectively. (J Am Soc Mass Spectrom 1999, 10, 821–839) © 1999 American Society for
Mass Spectrometry
Considerable research has been done to study thereactions of the first-row transition metal ions(M1) with small hydrocarbons [1–7]. Such stud-
ies provide insight into the electronic requirements for
the M1 activation of C–H and C–C bonds [2–5], periodic
trends in the reactivity [1, 2], and metal–hydrogen and
metal–carbon bond dissociation energies (BDEs) [6, 7].
The thermochemistry obtained from these studies is of
obvious fundamental interest and also has implications
in understanding a variety of catalytic reactions involv-
ing transition metal systems [8]. Comparable studies are
less extensive for the second-row transition metal cat-
ions, although there are a number of studies in the
literature [9–16]. In order to provide more detailed
information on such systems, an ongoing project in our
laboratory is to use guided ion beam mass spectrometry
to systematically study the activation of small hydro-
carbons by the second-row transition metal cations.
Elsewhere, we have studied the activation of several
small hydrocarbons by Y1 [17], Rh1 [18, 19], Pd1 [20],
and Ag1 [21]. In this work, we extend this work to
examine Ru1 and describe its reactions with ethane,
propane, isobutane, and cyclopropane.
One of the challenging problems in the study of
alkane activation by transition metal ions is to deter-
mine reaction mechanisms. Beauchamp and co-workers
[11–13] studied the reactions of Ru1 with alkanes using
ion beam techniques, but focused largely on the exo-
thermic processes. Dehydrogenation was found to be
the major process in all reaction systems. These authors
postulated that the reaction mechanisms involved Ru1
insertion into the C–H bond as the initial step followed
by b–H transfer to the metal and reductive elimination
of H2. These studies do not provide detailed results for
endothermic processes in these reaction systems, such
as for processes involving C–H and C–C bond cleavage
with the exception of formation of RuCH3
1 in the ethane
system [11]. In the present study, we investigate the
reactions of Ru1 with four hydrocarbons over a wide
range of kinetic energies, examining both endothermic
and exothermic processes and thus providing mecha-
nistic information complementary to the previous
work.
A particular reason for examining the endothermic
reactions in detail is to determine accurate thermochem-
istry for ruthenium–hydrogen and various ruthenium–
carbon species. The information available in the litera-
ture is collected in Table 1. Previously, bond dissociation
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energies (BDEs) for RuH1, RuH, and RuCH3
1 have been
measured using ion beam techniques [11, 13, 22]. In
addition, theoretical calculations have been performed
for the BDEs of cationic and neutral ruthenium–hy-
drides [23–26], ruthenium–methyls [26–28], rutheni-
um–methylenes [26, 29–31], and Ru1–C2H2 [32]. As can
be seen from Table 1, the previously measured BDEs
generally have large uncertainties and are determined
by only a single technique. Whereas the experimental
values for RuH2 and RuH agree with some of the
theoretical values within experimental error, that for
RuCH3
1 does not. Experimentally, there is a potential
problem because the reactant ions, which are created by
surface ionization in the previous beam studies [11, 13],
could be in excited electronic states, and the accuracy of
the BDEs depends on how the excitation energies are
handled. In the present work, we remeasure these BDEs
by determining the endothermic reaction thresholds for
reactions of Ru1 with the four hydrocarbons. We use a
dc-discharge flow tube ion source to produce Ru1 ions
that are believed to be in the 4F electronic ground state
term, and primarily in the lowest spin–orbit level, 4F4.5
[22, 33]. Thus, the threshold measurements have fewer
complexities associated with the presence of excited
state ions.
Experimental
General Procedures
The guided ion beam instrument on which these exper-
iments were performed has been described in detail
previously [34, 35]. Ru1 ions are created in a flow tube
source, described below. The ions are extracted from
the source, accelerated, and focused into a magnetic
sector momentum analyzer for mass analysis. Mass-
selected ions are slowed to a desired kinetic energy and
focused into an octopole ion guide that radially traps
the ions [36]. The octopole passes through a static gas
cell containing the neutral reactant. Gas pressures in the
cell are kept sufficiently low (usually less than 0.2
mtorr) that multiple ion–molecule collisions are im-
probable. Except where noted, all results reported here
are due to single bimolecular encounters, as verified by
pressure dependence studies. Reactant and product
ions are contained in the guide until they drift out of the
gas cell where they are focused into a quadrupole mass
filter for mass analysis and then detected by a high
voltage scintillation detector. Ion intensities are con-
verted to absolute cross sections as described previ-
ously [34]. Uncertainties in absolute cross sections are
estimated to be 620%.
Laboratory ion energies (lab) are converted to ener-
gies in the center-of-mass (CM) frame by using the
formula ECM 5 Elab m/(m 1 M), where M and m are
the ion and neutral reactant masses, respectively. Two
effects broaden the cross section data: the kinetic energy
distribution of the ion and the thermal motion of the
neutral reactant gas (Doppler broadening) [37]. The
distribution of the ion kinetic energy and absolute zero
of the energy scale are determined by using the octo-
pole beam guide as a retarding potential analyzer [34].
The distribution of ion energies, which is independent
of energy, is nearly Gaussian and has an average full
width at half maximum (FWHM) of ;0.4 eV (lab). The
Doppler broadening has a width of ;0.46 ECM
1/2 for the
reactions of Ru1 with the four neutral molecules [37].
Uncertainties in the absolute energy scale are 60.05 eV
(lab).
Ion Source
Ru1 ions are produced in a dc-discharge flow tube
source [35]. The flow gases used are ;90% He and
;10% Ar, maintained at a total pressure of 0.5–0.7 torr
at ambient temperatures. A dc discharge at a voltage of
1.2–2.2 kV is used to ionize argon and accelerate these
ions into a tantalum cathode with a cavity containing
RuCl3 or ruthenium metal, thereby sputtering Ru
1 ions.
The ions are swept down a meter long flow tube and
undergo ;105 collisions with the He and Ar flow
Table 1. Ruthenium–ligand bond dissociation energies (in eV)
at 0 Ka
Bond
Literature
This workExperimental Theoretical
Ru1–H 1.74 (0.13)b,c 1.37,d 1.64,e 1.68f 1.62 (0.05)g
Ru–H 2.43 (0.22)b,h 2.32,i,j 2.70f 2.27 (0.15)
Ru1–C 4.70 (0.11)
Ru1–CH 5.20 (0.12)
Ru1–CH2 3.19,
k 3.47 (0.17),l
3.51f
3.57 (0.05)
Ru1–CH3 2.28 (0.22)
b,c 1.72,j 1.83f 1.66 (0.06)
Ru–CH3 1.76,
j 1.99m 1.68 (0.12)
Ru1–C2H2 1.39
n,o 1.98 (0.18)
Ru1–CCH2
p 3.39 (0.19)
Ru1–C2H3 3.03 (0.07)
Ru1–C2H4 .1.34 (0.01)
Ru1–CHCH3
p 3.19 (0.15)
Ru1–C2H5 1.2–1.9
Ru1–C3H4
q 2.24 (0.12)
Ru1–C3H6 .1.22 (0.01)
Ru1–C4H6 .2.38 (0.01)
Ru1–C4H8 .1.14 (0.01)
aUncertainties in parenthesis.
bOriginal 298-K values are adjusted to 0 K by subtracting 0.039 eV 5
3kB T/2 for RuH1 and 0.064 eV 5 5kB T/2 for RuCH31.
c[11].
d[23]. This bond energy is calculated for an excited state.
e[24].
f[26].
g[22].
h[13].
i[25].
j[27].
kBest estimate from [29].
l[30].
m[28].
n[32].
oBauschlicher, C. W., Jr.; Langhoff, S. R.; Partridge, H. in [7]; pp 47–87.
pThese bond energies are speculative; see text.
qThe value cited corresponds to a propyne ligand. The value for an
allene ligand would be 0.06 eV higher.
822 ARMENTROUT AND CHEN J Am Soc Mass Spectrom 1999, 10, 821–839
gasses. The Ru1 ions created under these flow tube
conditions are believed to have an electronic tempera-
ture of 700 6 400 K, as discussed in detail elsewhere
[22]. No evidence for excited electronic states is found in
the present or two previous studies [22, 33], and the
thermochemistry derived here is consistent with this
assignment. Even at the maximum temperature of 1100
K, 99.998% of the Ru1 ions are in the 4F electronic
ground state term, 87.8% are in the lowest spin-orbit
level, 4F4.5 and the average electronic energy is 0.027
eV.
Data Analysis
Endothermic reaction cross sections are modeled using
eq 1 [38],
s~E! 5 s0 O gi~E 1 Ei 1 Eint 2 E0!n/E (1)
which involves an explicit sum of the contributions of
individual electronic states of the Ru1 reactant, denoted
by i, having energies Ei and populations gi, where
¥gi 5 1. Here, s0 is an energy-independent scaling
factor, E is the relative kinetic energy of the ions, E0 is
the 0-K reaction threshold, and n is an adjustable
parameter. Equation 1 also takes into account the inter-
nal energy of the neutral reactant, Eint. At 305 K (the
nominal temperature of the octopole), the average in-
ternal energy for each neutral reactant is the average
rotational energy, 3kBT/2 5 0.039 eV, plus its average
vibrational energy. The average vibrational energies at
this temperature are 0.020, 0.050, 0.083, and 0.017 eV for
C2H6, C3H8, HC(CH3)3, and c-C3H6, respectively, which
are calculated using vibrational frequencies taken from
Shimanouchi [39] and Chen et al. [40]. Before compar-
ison with the data, eq 1 is convoluted with the kinetic
energy distributions of the ion and neutral reactants
[34]. The s0, n, and E0 parameters are then optimized
using a nonlinear least squares analysis to give the best
reproduction of the data. Error limits for E0 are calcu-
lated from the range of threshold values for different
data sets over a range of acceptable n values, the
uncertainty associated with the electronic temperature,
and the absolute error in the energy scale.
Results
Ru1 1 C2H6
Ten ionic products are observed in the reaction of Ru1
with C2H6. Figure 1 shows cross sections as a function
of kinetic energy for the eight major ionic products
formed in Reactions 2–9.
Ru1C2H63 RuH
1 1 C2H5 (2)
3 C2H5
1 1 RuH (3)
3 RuC2H4
1 1 H2 (4)
3 RuC2H2
1 1 2H2 (5)
3 RuCH3
1 1 CH3 (6)
Figure 1. Cross sections for reactions of Ru1 with C2H6 as a
function of kinetic energy in the CM frame (lower axis) and
laboratory frame (upper axis). (a) Results for C–H bond cleavage
Reactions 2–5; (b) for Reactions 6–9. The solid lines in both parts
show the total reaction cross section.
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3 RuCH2
1 1 CH4 (7)
3 RuCH1 1 H2 1 CH3 (8)
3 RuC1 1 H2 1 CH4 (9)
For clarity, cross sections for the other two ionic prod-
ucts, C2H3
1 and RuC2H3
1, are not shown in Figure 1.
Their cross sections have maximum magnitudes less
than 0.2 Å2 and apparent thresholds of about 5 and 3
eV, respectively. As can be seen from Figure 1, the cross
section for the dehydrogenation channel, Reaction 4,
decreases with increasing energy (approximately as
E20.8 below 1.0 eV and faster at higher energies)
indicating an exothermic process. Compared to the
Langevin–Gioumousis–Stevenson (LGS) collision cross
section [41], which has a E20.5 energy dependence, we
find this reaction is about 100% efficient near 0.1 eV, but
this efficiency drops with increasing energy. All other
reactions exhibit thresholds, behavior that is consistent
with previous studies [12] where RuC2H4
1 is the only
ionic product observed at 0.5-eV kinetic energy. Tolbert
et al. [12] report a magnitude for the RuC2H4
1 product
of 10 Å2 at 0.5 eV, in good agreement with the present
results.
Figure 1a shows that Reactions 2, 3, 4, and 5, which
involve C–H bond cleavage, dominate the product
spectrum. The dehydrogenation channel, Reaction 4, is
the dominant process at low energies. At an energy near
the onset of the RuC2H2
1 cross section, the RuC2H4
1
cross section begins to decline more rapidly, suggesting
that it decomposes to RuC2H2
1 1 H2 in the overall
Reaction 5. Indeed, the sum of these two cross sections
declines smoothly with energy (as E20.8 up to 2 eV). At
high energies, formation of the ionic and neutral metal
hydrides, Reactions 2 and 3, are the dominant pro-
cesses. The RuH1 1 C2H5 cross section shows an ap-
parent threshold lower than the C2H5
1 1 RuH cross
section. Because the only difference between the two
reactions is the location of the positive charge, this
threshold difference is a direct indication of the relative
ionization energies (IE), namely, IE(C2H5) . IE(RuH).
At the highest energies, the C2H5
1 cross section declines
slightly. This is probably anomalous behavior caused
by incomplete collection of this product because it has a
small velocity in the laboratory frame.
The C–C bond cleavage reaction that leads to the
formation of RuCH3
1, Reaction 6, has a small cross
section magnitude relative to those for the C–H bond
cleavage reactions (Figure 1). Our results for this pro-
cess are in good agreement with those of Mandich et al.
[11], as discussed further below, although the maxi-
mum of our absolute cross section is 25% smaller, a
difference that is within the experimental errors. The
RuCH3
1 cross section rises from an apparent threshold
of about 2 eV and reaches a maximum near 4 eV. Above
this energy, the RuCH3
1 cross section can decline be-
cause this product dehydrogenates to form RuCH1 1
H2 in the overall Reaction 8 or dissociates to form
Ru1 1 CH3. These processes can begin at 3.20 6 0.12
eV (based on the thermochemistry determined below)
and D0(CH3–CH3) 5 3.81 6 0.01 eV (Table 2), respec-
tively. The sum of the RuCH3
1 and RuCH1 cross
sections is a smooth function of energy, indicating that
Table 2. Literature thermochemistry at 0 K
Species DfH0 (eV) IE (eV)
H 2.239a
C 7.371 (0.005)a
CH 6.145 (0.018)b
CH2 4.02 (0.03)
c
CH3 1.553 (0.004)
d 9.843 (0.002)d
CH4 20.688 (0.004)
e,f
C2H2 2.371 (0.007)
e,f
CCH2 4.43 (0.17)
b
C2H3 3.15 (0.03)
b
C2H4 0.632 (0.004)
e,f
CHCH3 3.34 (0.08)
g
C2H5 1.368 (0.022)
d,h 8.117 (0.008)d
C2H6 20.707 (0.004)
e,f
CH3CCH 1.99 (0.01)
e,f
CH2CCH2 2.05 (0.01)
e,f
CH2CHCH2 1.89 (0.09)
d 8.13 (0.02)i
c-C3H5 3.04 (0.01)
j 8.18 (0.03)k
c-C3H6 0.730 (0.006)
e,l
C3H6 0.363 (0.008)
e,f
1-C3H7 1.17 (0.02)
k 8.09 (0.01)k
2-C3H7 1.117 (0.026)
d 7.36 (0.02)k
C3H8 20.854 (0.005)
e,f
CH2CHCHCH2 1.29 (0.01)
e,f
C(CH2)3 3.18 (0.13)
m
i-C4H8 0.042 (0.009)
e,f
t-C4H9 0.79 (0.03)
d 6.70 (0.03)k
i-C4H10 21.095 (0.007)
e,f
Ru 6.643k 7.360n
aChase, M. W.; Davies, C. A.; Downey, J. .; Frurip, D. J.; McDonald, R. A.;
Syverud, A. N. J. Phys. Chem. Ref. Data 1985, 14, Suppl. No. 1 (JANAF
Tables).
bErvin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. G.;
Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B. J. Am.
Chem. Soc. 1990, 112, 5750.
cLeopold, D. G.; Murray, K. K.; Stevens Miller, A. E.; Lineberger, W. C.
J. Chem. Phys. 1985, 83, 4849.
dBerkowitz, J.; Ellison, G. B.; Gutman, D. J. J. Phys. Chem. 1994, 98,
2744.
eDfH298 value from Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermo-
chemical Data of Organic Compounds, 2nd ed.; Chapman and Hall: New
York, 1986.
fAdjusted to 0 K using the information in Rossini, F. D.; Pitzer, K. S.;
Arnett, R. L.; Braun, R. M.; Pimentel, G. C. Selected Values of Physical
and Thermodynamic Properties of Hydrocarbons and Related Com-
pounds; Carnegie Press: Pittsburgh, 1953.
g[50] Pople, J. A.; Raghavachari, K.; Frisch, M. J.; Binkly, J. S.; Schelyer,
P. v. R. J. Am. Chem. Soc. 1983, 105, 6389, and Trinquier, G. J. J. Am.
Chem. Soc. 1990, 112, 2130.
hSeakins, P. W.; Pilling, M. J.; Niiranen, J. T.; Gutman, D.; Krasnoperov,
L. N. J. Phys. Chem. 1992, 96, 9847.
iHoule, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1978, 100, 3290.
jEstimated, assuming ideal gas behavior, from DfH298 (McMillen, D. F.;
Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 493) and the vibrational
frequencies for c-C3H6 [39].
k[44].
lAdjusted to 0 K using information from Dorofeeva, O. V.; Gurvich, L. V.;
Jorish, V. S. J. Phys. Chem. Ref. Data 1986, 15, 437.
mWenthold, P. G.; Hu, J.; Squires, R. R.; Lineberger, W. C. J. Am. Chem.
Soc. 1996, 118, 475. Value adjusted to 0 K using enthalpy differences for
other C4H6 isomers from footnote f.
n[43].
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Reaction 8 is the major decomposition pathway for
RuCH3
1. However, the sum still reaches a maximum
between 4 and 5 eV, indicating that decomposition to
Ru1 1 CH3 also occurs.
The elimination of methane in Reaction 7 is a process
that involves both C–C and C–H bond cleavages. The
magnitude of the RuCH2
1 cross section is small relative
to other processes (Figure 1), even though it has the
lowest apparent threshold among all endothermic pro-
cesses. This indicates that this reaction is kinetically
hindered. The RuCH2
1 product decomposes by dehy-
drogenation to form RuC1 in the overall Reaction 9.
This is suggested by the observation that the sum of the
cross sections for these two products reaches a nearly
constant magnitude above 2 eV.
Ru1 1 C3H8
Sixteen ionic products are observed in the reaction of
Ru1 with C3H8. Figure 2 shows cross sections as a
function of kinetic energy for 14 of the ionic products
formed in Reactions 10–23.
Ru1 1 C3H83 RuH
1 1 C3H7 (10)
3 C3H7
1 1 RuH (11)
3 C3H5
1 1 H2 1 RuH (12)
3 C2H3
1 1 CH4 1 RuH (13)
3 RuC3H6
1 1 H2 (14)
3 RuC3H4
1 1 2H2 (15)
3 RuC2H5
1 1 CH3 (16)
3 RuC2H4
1 1 CH4 (17)
3 RuC2H3
1 1 H2 1 CH3 (18)
3 RuC2H2
1 1 H2 1 CH4 (19)
3 RuCH3
1 1 C2H5 (20)
3 RuCH2
1 1 C2H4 1 H2 (21)
3 RuCH1 1 H2 1 C2H5 (22)
3 RuC1 1 2H2 1 C2H4 (23a)
3 RuC1 1 2CH4 (23b)
For clarity, the other two ionic products, RuC3H2
1 and
RuC3H3
1, are not shown. These two species have cross
sections with maximum magnitudes of 0.2 Å2 and
apparent thresholds of about 2 and 4 eV, respectively.
Our results are in good agreement with those of
Tolbert et al. [12]. Both studies find an absolute cross
section at 0.5 eV of 40 Å2 with 90% of the products being
RuC3H6
1 and 10% being RuC3H4
1. We also observe a
minor product (0.3%) at this energy, RuC2H4
1, not
mentioned in the previous study because of the higher
sensitivity of the present experiment. As can be seen
from Figure 2, the dehydrogenation channel, Reaction
14, is the only clearly exothermic reaction, in agreement
with the findings of Tolbert et al. [12].
The dominant processes in the propane system are
again those involving C–H bond cleavage, Reactions 10,
11, 14, and 15 (Figure 2a). The dehydrogenation chan-
nel, Reaction 14, is dominant at low energies and
follows the LGS collision cross section [41] below 0.2 eV,
both in magnitude and energy dependence. The
RuC3H6
1 cross section falls off more rapidly as the
RuC3H4
1 cross section rises, indicating that RuC3H6
1
decomposes into RuC3H4
1 1 H2 in the overall Reaction
15. The sum of these two cross sections declines as E20.9
from 0.2 up to about 3 eV. The formation of C3H7
1 1
RuH, Reaction 11, is the dominant process at high
energies. The cross section of this reaction has an
apparent threshold much lower than that of Reaction
10, formation of RuH1 1 C3H7, implying that
IE(C3H7) , IE(RuH). The C3H7
1 product decomposes at
high energies into C3H5
1 1 H2 and C2H3
1 1 CH4, the
overall Reactions 12 and 13, respectively.
The cross section for the elimination of methane,
Reaction 17, has a small exothermic feature before rising
sharply at about 0.2 eV. The cross section reaches a
maximum at ;2 eV, and then declines. Part of this
decline can be attributed to the decomposition of
RuC2H4
1 into RuC2H2
1 1 H2 in the overall Reaction 19;
however, we note that the sum of the cross sections for
Reactions 17 and 19 still has a maximum near 2 eV. This
is possibly because of competition with Reactions 16, 18,
20, and 21, which all have cross sections with onsets
near 2 eV (Figure 2).
Formation of RuCH2
1 is also observed, but the ener-
getics determined below demonstrate that the neutral
products formed at threshold are likely to be C2H4 1
H2, Reaction 21, rather than C2H6. The RuC
1 cross
section (Figure 2b) rises from a threshold just above 2
eV, levels off, and then continues to rise at higher
energies. The latter increase corresponds to dehydroge-
nation of RuCH2
1, Reaction 23a. On the basis of the
energetics determined below, this reaction has a thresh-
old above 4 eV, such that the observed onset for RuC1
formation is attributed to Reaction 23b, as discussed
below.
Figure 2c shows that the simple C–C bond cleavage
processes, Reactions 16 and 20, have cross sections
smaller than those for C–H bond cleavage processes,
similar to the observations in the C2H6 system. The
RuC2H5
1 cross section is quite small and reaches a
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maximum at the onset for production of RuC2H3
1,
well below the thermodynamic threshold for dissoci-
ation of RuC2H5
1 1 CH3 into Ru
1 1 C2H5 1 CH3,
D0(C2H5–CH3) 5 3.77 6 0.02 eV (Table 2). Clearly, the
RuC2H5
1 product decomposes with little excess energy
above its onset into RuC2H3
1 1 H2 in the overall Reac-
tion 18. The RuCH3
1 cross section has a threshold above
that for RuC2H5
1 and reaches a maximum at ;4 eV. This
is primarily because of dissociation of RuCH3
1 into
RuCH1 1 H2, as evidenced by the size of the RuCH
1
cross section and the smooth behavior with energy of
the sum of the RuCH3
1 and RuCH1 cross sections.
Figure 2. Cross sections for reactions of Ru1 with C3H8 as a function of kinetic energy in the CM
frame (lower axis) and laboratory frame (upper axis). (a) Results for C–H bond cleavage Reactions
10–15; (b) for alkane elimination Reactions 17, 19, 21, and 23; (c) for C–C bond cleavage Reactions 16,
18, 20, and 22. The solid lines in (a)–(c) show the total reaction cross section.
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Ru1 1 HC(CH3)3
The reaction of ruthenium ions with isobutane was also
examined briefly (only one complete data set was
obtained). Twenty-five ionic products were observed
with the major processes shown in Figure 3. Additional
products not shown include C2H3
1, C2H5
1, C3H3
1, C3H5
1,
C4H7
1, RuC2H
1, RuC2H3
1, RuC3H
1, and RuC3H2
1. All of
these are formed in endothermic processes and most do
not exceed a maximum cross section of 0.2 Å2. The
C2H5
1 and C3H5
1 products rise to maxima between 1 and
2 Å2, and are clearly decomposition products of the
primary hydrocarbon product ions, C4H9
1 and C3H7
1.
Our results at low energies are in good agreement
Figure 3. Cross sections for reactions of Ru1 with HC(CH3)3 as a function of kinetic energy in the CM
frame (lower axis) and laboratory frame (upper axis). The solid lines in (a)–(d) show the total reaction
cross section.
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with the previous observations of Tolbert et al. [12]. At
a kinetic energy of 0.5 eV, they reported observing
Reactions 24–28 with a product distribution of 73:21:2:
2:2, respectively, and a total cross section of 95 Å2.
Ru1 1 i-C4H103 RuC4H8
1 1 H2 (24)
3 RuC4H6
1 1 2H2 (25)
3 RuC3H6
1 1 CH4 (26)
3 RuC3H4
1 1 H2 1 CH4 (27)
3 RuC2H4
1 1 C2H6 (28)
In our work, we find a comparable total cross section at
0.2 eV with a product distribution of 77.0: 21.9: 0.8: 0.2:
0.07, in good agreement. The absolute energy is more
definitively determined in the guided ion beam appa-
ratus used here, and the difference in absolute energies
is well within the experimental uncertainty of the
previous work.
At low energies, the dominant processes are clearly
sequential dehydrogenation reactions to form RuC4H2x
1
ions (x 5 2– 4) (Figure 3a). Below 0.2 eV, the overall
reaction proceeds at the LGS collision rate [41]. Between
0.3 and 3 eV, the total cross section declines as E21.0.
Methane loss to form RuC3H6
1 has a very small cross
section (Figure 3b), accounting for less than 1% of the
total reactivity at thermal energies even though this
process exhibits no barrier. The other RuC3Hx
1 species
are probably formed by decomposition of the primary
RuC4H8
1 product, methane loss to form RuC3H4
1, and
methyl loss to form RuC3H5
1. The latter product then
dehydrogenates at higher kinetic energies to yield
RuC3H3
1. Formation of RuC2H4
1 (Figure 3c) has an
energy dependence consistent with concomitant pro-
duction of C2H6, Reaction 28, a process discussed fur-
ther below. Dehydrogenation of this species yields
RuC2H2
1. The RuCH2
1 and RuC1 product ions have
cross sections very similar to those found in the pro-
pane system (Figure 2b). On the basis of the thermo-
chemistry determined below, these ions are formed at
threshold along with neutral products of C3H6 1 H2
and CH4 1 C2H6, respectively. These processes are in
direct analogy to Reactions 21 and 23 observed in the
propane system.
Among the most interesting processes observed are
the formation of neutral RuH and RuCH3, which corre-
spond to the ionic products, C4H9
1 and C3H7
1, respec-
tively, formed in Reactions 30 and 32. These processes
compete directly with Reactions 29 and 31, respectively.
Ru1 1 i-C4H103 RuH
1 1 C4H9 (29)
3 C4H9
1 1 RuH (30)
3 RuCH3
1 1 C3H7 (31)
3 C3H7
1 1 RuCH3 (32)
Clearly, the threshold for C4H9
1 production is well
below that for RuH1 production (Figure 3a), whereas
the thresholds for C3H7
1 and RuCH3
1 are similar (Figure
3d). The implications of these observations are dis-
cussed below.
Ru1 1 c-C3H6
Thirteen ionic products are observed in the reaction of
Ru1 with c-C3H6. Figure 4 shows cross sections as a
function of kinetic energy for the 11 ionic products
formed in Reactions 33–43.
Ru1 1 c-C3H63 RuH
1 1 C3H5 (33)
3 C3H5
1 1 RuH (34)
3 C3H3
1 1 H2 1 RuH (35)
3 RuC3H4
1 1 H2 (36)
3 RuC3H2
1 1 2H2 (37)
3 RuC2H4
1 1 CH2 (38)
3 RuC2H3
1 1 CH3 (39)
3 RuC2H2
1 1 CH4 (40)
3 RuCH2
1 1 C2H4 (41)
3 RuCH1 1 H 1 C2H4 (42)
3 RuC1 1 C2H6 (43a)
3 RuC1 1 H2 1 C2H4 (43b)
Two other ionic products, RuC2H
1 and RuC3H
1, are
not shown for clarity. These two products have cross
sections that do not exceed 0.2 Å2 and both have
thresholds near 3 eV. We also observed RuC2H4
1 at
energies below about 3 eV and RuC3H2
1 below about 1
eV. At these low energies, the cross sections are depen-
dent on the pressure of the cyclopropane reactant,
indicating that efficient, exothermic secondary reactions
are occurring. In the first case, the energy dependence
observed clearly demonstrates that the secondary reac-
tion is RuCH2
1 1 c-C3H6 3 RuC2H4
1 1 C2H4. For pro-
duction of RuC3H2
1 at low energies, the energy depen-
dence indicates that the precursor is either RuC2H2
1 or
RuC3H4
1. The contributions of these secondary pro-
cesses have been removed from Figure 4, which shows
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only processes corresponding to single ion–molecule
collisions (pressure independent cross sections).
Figure 4a shows that the dehydrogenation channel,
Reaction 36, is the dominant process at low energies
and follows the LGS collision cross section [41] below
0.5 eV. This process constitutes 72 6 2% of the total
cross section at 0.05 eV, decreasing to lower percentages
with increasing energy. The double dehydrogenation
channel, Reaction 37, is observed to be an endothermic
process with a cross section magnitude less than 0.7 Å2.
Formation of both ionic and neutral ruthenium hy-
drides, Reactions 33 and 34, are seen at high energies.
The C3H5
1 and RuH1 cross sections have comparable
magnitudes below 5 eV and similar apparent thresh-
olds, indicating that IE(RuH) ’ IE(C3H5). The C3H3
1 ion
observed at high energies comes from decomposition of
C3H5
1 into C3H3
1 1 H2 in the overall Reaction 35.
Unlike in the three acyclic alkane reaction systems,
C–C bond cleavage reactions contribute significantly to
the observed reactivity of Ru1 with cyclopropane. At
low energies, Figure 4b shows that the formation of
RuC2H2
1 1 CH4 is exothermic and has no barriers with
energies above the reactant asymptote. This process
constitutes 24 6 2% of the total cross section at 0.05 eV,
rising to slightly higher percentages and then declining
at higher energies. The RuC2H2
1 cross section declines
more rapidly above about 1 eV. This behavior appears
to be due primarily to competition with RuCH2
1 forma-
tion, although there may also be a contribution from
dissociation to Ru1 1 C2H2, which can begin at 0.95 6
0.01 eV. Beginning at about 4 eV, there is a distinct
second feature in the RuC2H2
1 cross section that can
correspond to neutral products of CH3 1 H (formed by
H atom loss from the RuC2H3
1 primary product) or
possibly CH2 1 H2 (formed by dehydrogenation of the
RuC2H4
1 primary product).
At higher kinetic energies, the C–C bond cleavage
Reaction 41 is the dominant endothermic process
through much of the experimental energy range stud-
ied. The RuCH2
1 cross section rises rapidly from an
apparent threshold near zero, reaches a maximum of
about 8 Å2 at low energies, and declines slowly until
about 3 eV where this product can dissociate into
Ru1 1 CH2 and RuC
1 1 H2 (Reaction 43b). These dis-
sociation channels have thermodynamic thresholds of
3.92 6 0.03 eV 5 D0(C2H4–CH2) (Table 2) and 2.57 6
0.10 eV (based on the thermochemistry measured be-
low), respectively. The magnitude of the RuC1 cross
section in this system is larger than in the three alkane
systems, consistent with the observation that its precur-
sor, RuCH2
1, has the largest cross section magnitude in
the c-C3H6 system. The RuC
1 cross section also has a
feature appearing below the 2.57-eV threshold for Re-
action 43b. This must correspond to formation of
RuC1 1 C2H6, as verified by the energetics determined
below.
Formation of RuC2H4
1 in Reaction 38 is another C–C
bond cleavage process, although its cross section is
much smaller than that for RuCH2
1 (Figure 4b). This
cross section declines at energies above ;4.5 eV, prob-
ably because of dissociation into Ru1 1 C2H4, which
can begin at 3.92 6 0.03 eV or dehydrogenation to yield
the second feature in the RuC2H2
1 cross section.
Figure 4. Cross sections for reactions of Ru1 with c-C3H6 as a
function of kinetic energy in the CM frame (lower axis) and
laboratory frame (upper axis). (a) Results for C–H bond cleavage
Reactions 33–37. (b) Results for C–C bond cleavage Reactions
38–43. The solid lines in both parts show the total reaction cross
section.
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RuC2H3
1 cannot be formed by H atom loss from
RuC2H4
1 because its threshold is lower than that of
RuC2H4
1. Thus, at threshold, this product ion is formed
along with a CH3 neutral product, Reaction 39. This
reaction, along with Reaction 43a, indicates substantial
hydrogen atom mobility.
Thermochemical Results
The endothermic cross sections in each reaction system
are analyzed in detail using eq 1 as described in the
Experimental section. The optimized parameters ob-
tained are summarized in Table 3. For some minor
reaction channels in each reaction system, such analyses
were not performed due to the poor quality of the data.
We also include results from reactions of Ru1 with
methanol for completeness [42]. From the E0 values
measured, BDEs for the ruthenium–ligand product spe-
cies observed in reactions of Ru1 1 R–L can be calcu-
lated using eqs 44 and 45,
D0(Ru
1–L) 5 D0(R–L) 2 E0 (44)
D0(Ru–L) 5 D0(R–L) 2 IE(Ru) 1 IE(R) 2 E0 (45)
where IE(Ru) 5 7.360 eV [43], IE(R) values are given in
Table 2, and D0(R–L) values can be calculated from the
heats of formation given in Table 2.
RuH1
RuH1 is observed in all four reaction systems, Reac-
tions 2, 10, 29, and 33. We have previously determined
D0(Ru
1–H) in studies of the reactions of Ru1 with H2,
HD, and D2 [22]. The value obtained in that study,
1.62 6 0.05 eV, is in very good agreement with theoret-
ical values from Pettersson et al. [24] and Siegbahn et al.
[26] and within experimental error of the previous
experimental measurement of Mandich et al. [11], Table
1. It is also worth noting that the lower value calculated
by Schilling et al. [23] is for a 3¥2 state, while Pettersson
et al. [24] find a 5D ground state with the lowest triplet
state, 3F, lying 0.23 eV higher in energy. Correcting for
this excitation energy brings the value of Schilling et al.
to 1.6 eV, in good agreement with the other theory
values. Because of the simplicity of the H2, HD, and D2
systems (specifically, there are no other channels to
compete with the formation of the RuH(D)1 1 H(D)
species), we take this bond energy measurement to be
our most definitive.
Table 3. Parameters of eq 1 used in modeling the reaction cross sectionsa
# Reactant Products s0 n E0 (eV)
2 Ru1 1 C2H6 3 RuH
1 1 C2H5 3.86 (0.92) 2.1 (0.1) 2.79 (0.07)
3 3 C2H5
1 1 RuH 2.30 (0.48) 1.6 (0.1) 2.95 (0.04)
5 3 RuC2H2
1 1 2 H2 5.0 (1.4) 0.6 (0.5) 1.10 (0.18)
6 3 RuCH3
1 1 CH3 0.86 (0.21) 1.9 (0.2) 2.16 (0.08)
7 3 RuCH2
1 1 CH4 0.39 (0.03) 1.9 (0.1) 0.47 (0.04)
8 3 RuCH1 1 H2 1 CH3 2.58 (0.50) 1.1 (0.1) 3.23 (0.04)
9 3 RuC1 1 H2 1 CH4 0.31 (0.06) 1.6 (0.1) 2.69 (0.17)
10 Ru1 1 C3H8 3 RuH
1 1 C3H7 1.49 (0.18) 1.9 (0.1) 3.55 (0.08)
15 3 RuC3H4
1 1 2H2 18.8 (0.8) 0.8 (0.2) 0.60 (0.12)
17 3 RuC2H4
1 1 CH4 ;0.3 (0.2)
b
18 3 RuC2H3
1 1 CH3 1 H2 1.38 (0.10) 1.5 (0.2) 2.53 (0.06)
19 3 RuC2H2
1 1 CH4 1 H2 1.47 (0.10) 1.2 (0.2) 1.21 (0.07)
20 3 RuCH3
1 1 C2H5 0.49 (0.03) 2.0 (0.1) 2.29 (0.04)
21 3 RuCH2
1 1 C2H4 1 H2 0.74 (0.06) 1.0 (0.1) 1.92 (0.10)
22 3 RuCH1 1 H2 1 C2H5 1.87 (0.38) 1.1 (0.3) 3.48 (0.15)
32 Ru1 1 i-C4H10 3 C3H7
1 1 RuCH3 0.9 (0.2) 1.3 (0.2) 2.82 (0.20)
3 RuC4H4
1 1 3H2 ;1.7 (0.2)
b
27 3 RuC3H4
1 1 CH4 1 H2 1.5 (0.2) 2.4 (0.2) 0.24 (0.12)
28 3 RuC2H4
1 1 C2H6 1.4 (0.1) 0.8 (0.1) 0.56 (0.08)
3 RuC2H2
1 1 H2 1 C2H6 ;1.9 (0.2)
b
31 3 RuCH3
1 1 C3H7 0.8 (0.2) 1.3 (0.1) 2.84 (0.20)
3 RuCH2
1 1 C3H6 1 H2 0.4 (0.1) 1.5 (0.2) 2.13 (0.20)
33 Ru1 1 c-C3H6 3 RuH
1 1 C3H5 1.14 (0.14) 1.9 (0.1) 3.10 (0.08)
34 3 C3H5
1 1 RuH 1.05 (0.30) 1.9 (0.1) 3.10 (0.10)
37 3 RuC3H2
1 1 2H2 ;1.4 (0.3)
b
39 3 RuC2H3
1 1 CH3 ;1.3 (0.3)
b
41 3 RuCH2
1 1 C2H4 9.48 (0.36) 0.5 (0.1) 0.35 (0.05)
42 3 RuCH1 1 H 1 C2H4 0.34 (0.14) 2.3 (0.2) 3.08 (0.25)
43 3 RuC1 1 C2H6 1.25 (0.06) 0.3 (0.1) 1.14 (0.04)
43 3 RuC1 1 H2 1 C2H4 4.24 (0.28) 1.2 (0.1) 2.67 (0.12)
aUncertainties, in parentheses, are one standard deviation.
bEstimated value.
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The threshold for Reaction 2 calculated using this
RuH1 bond energy is 2.69 6 0.05 eV, within experi-
mental error of the measured 2.79 6 0.07 eV value
(Table 3). Likewise, Reaction 33 has a measured E0,
3.10 6 0.08 eV, which lies slightly above the calculated
onset of 2.93 6 0.05 eV. This reasonable agreement
indicates that the structure of the C3H5 product is
cyclopropyl, as formation of the allyl radical would
have a calculated onset of 1.78 6 0.05 eV. In contrast,
thermodynamic thresholds for Reactions 10 and 29
calculated with this bond energy are lower than the E0
values obtained here by about 1.0 eV (C3H8 and i-C4H10
systems), Table 3. This indicates that these reactions
(and, to a lesser extent, those for ethane and cyclopro-
pane) are suppressed at the thermodynamic thresholds
by competition with the energetically more favorable
reaction channels, such as dehydrogenation and, for the
larger systems, formation of neutral RuH 1 R1.
RuH
Neutral ruthenium hydride, RuH, is formed in Reac-
tions 3, 11, 30, and 34. In the latter three systems, there
is an ambiguity regarding the structure of the hydro-
carbon ion formed (see below). However, in the case of
the cyclopropane system, the results for Reaction 33
clearly suggest that C3H5 retains a cyclic structure;
hence it is reasonable that the C3H5
1 product of Reaction
34 does also. From the E0 values measured for Reac-
tions 3 and 34, D0(Ru–H) is calculated to be 2.12 6 0.06
and 2.27 6 0.10 eV, respectively. In related work [42],
we find that reaction of Ru1 with methanol forms
CH2OH
1 1 RuH with a threshold that yields D0(Ru–
H) 5 2.13 6 0.03 eV. These neutral ruthenium–hydride
BDE values can be combined with the cationic BDE to
derive the ionization energy for RuH, IE(RuH), using eq
46 where L 5 H.
IE(RuL) 5 D0(Ru–L) 2 D0(Ru
1–L) 1 IE(Ru) (46)
This gives IE(RuH) 5 7.86 6 0.08, 8.01 6 0.11, and
7.87 6 0.06 eV, respectively. A complicating factor in
these results is our observation that in all three systems,
the thresholds for formation of RuH1 1 R (R 5 C2H5,
C3H5, and CH2OH) are shifted slightly above the ther-
modynamic thresholds (as noted above) because of
competition with other reactions. Hence, we also eval-
uate the RuH BDE by inspecting the relative thresholds
between the RuH1 1 R and RuH 1 R1 channels,
which is equivalent to the difference in IEs for RuH and
R. In the ethane system, we find that Reaction 2 has an
E0 value that is 0.16 6 0.08 eV higher than Reaction 3
(Table 3). This suggests that IE(RuH) 5 IE(C2H5) 2
0.16 eV 5 7.96 6 0.08 eV, which is equivalent to
D0(Ru–H) 5 2.22 6 0.09 eV. In the cyclopropane sys-
tem, Reactions 33 and 34 have identical E0 values
within a combined experimental error of 0.12 eV. This
suggests that IE(RuH) 5 IE(c-C3H5) 5 8.18 6 0.12 eV
(Table 2), which corresponds to D0(Ru–H) 5 2.44 6
0.13 eV. In the methanol system, the difference in E0
values leads to IE(RuH) 5 8.20 6 0.20 eV and D0(Ru–
H) 5 2.46 6 0.20 eV. If we average the six BDE and IE
values, we obtain D0(Ru–H) 5 2.27 6 0.15 eV and
IE(RuH) 5 8.01 6 0.15 eV, which we take as our most
definitive values.
This average BDE agrees well with a value of 2.32 eV
calculated by Langhoff, Bauschlicher, and co-workers
[25, 27], but lies well below the 2.70-eV value of
Siegbahn et al. [26]. The lone experimental value in the
literature, 2.43 6 0.22 eV, is within experimental error
of our BDE. In this work, Tolbert and Beauchamp [13]
measured D0(Ru–H) by studying the reactions of Ru
1
with a series of hydride donor reagents. They observed
an endothermic hydride transfer reaction with
(C2H5)2O and exothermic hydride transfer reactions
with HN(CH3)2 and N(CH3)3. These species have hy-
dride loss energies at 0 K of 9.43 [44], 8.81, and 8.51 [45]
eV, respectively, all 60.09 eV. The present RuH bond
energy corresponds to a hydride loss energy of 8.88 6
0.15 eV, consistent with the observations of Tolbert and
Beauchamp.
Our average value for IE(RuH) of 8.01 6 0.15 eV is
larger than the IE(R) values for R 5 2-C3H7, t-C4H9, and
CH2OH, and smaller than those for C2H5 and c-C3H5,
Table 2. This is consistent with the observation that the
R1 1 RuH channel is energetically favored over
RuH1 1 R in the propane, isobutane, and methanol
systems, whereas the RuH1 1 R channel is favored for
ethane and cyclopropane. Our IE agrees well with a
8.04-eV value derived from calculated BDEs of Bausch-
licher and coworkers [25, 27], but is below an 8.38-eV
value derived from work of Siegbahn et al. [26]. Note
that an IE this high would put it above those of all the
hydrocarbon radicals investigated here, such that RuH1
should never be the favored channel for any of the
systems investigated. This is in direct contrast with our
observations in the ethane and cyclopropane systems,
indicating that the 8.38-eV IE value and probably the
accompanying value for D(RuH) are too high.
For Reactions 11, 30, and 34, the thresholds for
production of the R1 1 RuH products depend on the
structures of the R1 ionic species formed. In previous
studies of reactions of the C3 hydrocarbons with Co
1,
Ni1, and Cu1 [46, 47], 2-C3H7
1 and c-C3H5
1 were be-
lieved to be formed, as these assumptions yielded
consistent D0(M–H) values with those from C2H6 reac-
tions. In our studies of the analogous reactions of Rh1
and Pd1 [19, 20], the data could only be interpreted if
both 2-C3H7
1 and 1-C3H7
1 were formed in reaction with
propane and both c-C3H5
1 and the allyl cation were
formed in the cyclopropane system (although the allyl
cation was a minor contributor). To test this hypothesis
for the present system, we attempted to model the cross
sections for Reactions 11 and 34 by including two parts
corresponding to the formation of the two isomers.
Each part is reproduced with eq 1 where E0 is held at
the value calculated for the corresponding isomer. The
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cross sections for Reactions 11 and 34 can be repro-
duced nicely by adding the two models, consistent with
this hypothesis. For Reaction 11, the s0 parameters used
in the two models have a ratio of approximately 1:3,
consistent with the ratio of the primary and secondary
hydrogen atoms in the propane molecule. The n values
used in the two models are the same, consistent with
the chemical intuition that the formation of the two
isomers should have similar energy dependencies be-
cause both reactions correspond to simple C–H bond
cleavages. For Reaction 34, the model for formation of
the higher energy c-C3H5
1 isomer has a smaller n value
and a much larger s0 value (by a factor of 25) than the
model for the allyl CH2CHCH2
1 isomer, which means
that the formation of c-C3H5
1 is a much more efficient
pathway relative to formation of CH2CHCH2
1. This is
consistent with the fact that the former process involves
only a simple C–H bond cleavage with retention of the
cyclic structure, whereas the latter process involves
both C–H and C–C bond cleavages. Hence, our neglect
of the acyclic channel in our analysis above seems
justified. In the isobutane system, a similar dichotomy
exists for Reaction 30 because heterolytic cleavage of the
tertiary C–H bond is much lower in energy than of the
more abundant primary C–H bonds. The resulting cross
section appears to reflect contributions of H2 abstrac-
tion from both positions.
RuC1
The ruthenium–carbide ion is formed in all four reac-
tion systems. In the ethane system, Reaction 9 occurs by
dehydrogenation of the RuCH2
1 primary product. Anal-
ysis of this cross section gives a threshold (Table 3)
leading to D0(Ru
1–C) 5 4.70 6 0.17 eV. In the cyclo-
propane system, the cross section for RuC1 has two
apparent features, which can be ascribed to concomi-
tant formation with C2H6 and H2 1 C2H4, Reaction 43,
where the latter channel corresponds to the dehydroge-
nation of the primary RuCH2
1 product (see below). The
thresholds measured for these two processes lead to
Ru1–C bond energies of 4.79 6 0.04 and 4.60 6 0.12 eV,
respectively. The agreement between all these values
confirms the identification of the neutrals in the cyclo-
propane reactions. We take the average of all these
values, 4.70 6 0.11 eV, with a pooled standard devia-
tion [48], as our best measurement of D0(Ru
1–C).
In the propane and isobutane systems, the RuC1
cross sections also have two apparent features that are
not well separated, making analysis of these cross
sections difficult. Based on the bond energy of 4.70 eV,
we calculate that dehydrogenation of the primary
RuCH2
1 products can begin at 4.16 and 4.13 6 0.11 eV
in the two systems, respectively, well above the appar-
ent onsets (Figures 2b and 3c). Alternatively, it is
possible to form RuC1 1 2 CH4 in the propane system,
and RuC1 1 CH4 1 C2H6 in the isobutane system.
These channels can begin at 2.15 and 2.37 6 0.11 eV,
respectively, both in good agreement with the energy at
which the RuC1 cross sections first deviate from zero.
Both processes correspond to methane elimination from
the primary RuC2H4
1 product, which decomposes pri-
marily by dehydrogenation. Other possible reaction
channels include RuC1 1 C2H6 1 H2 and RuC
1 1
C3H8 1 H2, respectively, which can begin at 2.82 and
2.91 6 0.11 eV, respectively. These processes corre-
spond to alkane eliminations from the primary dehy-
drogenation products, RuC3H6
1 and RuC4H8
1, and are
directly analogous to Reaction 43a in the cyclopropane
system. It is straightforward to reproduce the observed
RuC1 cross sections with combinations of these various
reaction pathways.
RuCH1
RuCH1 is formed observed in all four systems exam-
ined here and in the reaction of Ru1 with methanol. In
the ethane, propane, and methanol systems, this ion is
formed by dehydrogenation of the RuCH3
1 primary
product. In the cyclopropane system, H atom loss from
the primary RuCH2
1 product is the probable pathway.
E0 values measured for three of these reactions lead to
Ru1–CH bond energies of 5.18 6 0.04 (ethane), 5.21 6
0.25 (cyclopropane), and 5.21 6 0.10 (methanol) eV.
These values are in good agreement and their average,
5.20 6 0.12 eV, with pooled standard deviation [48], is
taken as our best value. Bond energies derived from
analyses of the RuCH1 cross section in the propane and
isobutane systems yield values somewhat lower, con-
sistent with some competition from other more favor-
able channels.
RuCH2
1
Formation of RuCH2
1 is observed in all four hydrocarbon
reaction systems. Using eq 44 and the E0 values mea-
sured for Reactions 7 and 41 (Table 3), D0(Ru
1–CH2) 5
3.57 6 0.05 and 3.57 6 0.06 eV are derived, respec-
tively. We take the average of these two values, 3.57 6
0.05 eV, as our best measurement for D0(Ru
1–CH2). As
can be seen from Table 1, this value is in good agree-
ment with that calculated by Bauschlicher et al. [30] and
Siegbahn et al. [26] but is somewhat larger than that
estimated by Carter and Goddard [29].
In the propane and isobutane systems, this BDE
predicts that formation of RuCH2
1 along with neutral
products, C2H6 and C3H8, respectively, should have
thresholds of about 0.6 and 0.7 eV, respectively. These
values are well below the apparent thresholds, both
near 2 eV (Figures 2b and 3c). Instead, these thresholds
appear to correspond to formation of RuCH2
1 1 H2 1
C2H4 and RuCH2
1 1 H2 1 C3H6, which should begin at
1.94 6 0.06 and 1.91 6 0.06 eV. These predictions are in
good agreement with the measured E0 values (Table 3).
There are two questions regarding the D0(RuCH2
1)
value measured here that need discussion. The first is
whether the RuCH2
1 ion formed in the reactions studied
is in its ground electronic state. Theory [29, 30] indicates
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that RuCH2
1 has a 2A2 ground electronic state. Thus, the
reactions forming RuCH2
1 are all spin-forbidden pro-
cesses, because the ground state of Ru1 is 4F [49] and all
the neutral reactants and products involved have sin-
glet ground states. Thus, it is conceivable that these
reactions proceed along quartet potential energy sur-
faces to form excited quartet states of RuCH2
1 in spin-
allowed processes. This would mean that the D0(Ru
1–
CH2) values measured in these three systems would be
higher than the adiabatic BDE value. Carter and God-
dard [29] calculate that the lowest-energy quartet states
of RuCH2
1 all lie about 0.56 eV above the doublet
ground state. Thus, the good agreement between our
BDE and that calculated by Bauschlicher et al. for the
doublet state [30] confirms that we have measured the
adiabatic BDE. Apparently, the formation of RuCH2
1 in
all systems occurs along adiabatic potential energy
surfaces involving strong spin–orbit interactions,
thereby allowing the formation of RuCH2
1 in its doublet
ground state.
The second question about our measured D0(Ru
1–
CH2) value is whether the measured E0 values corre-
spond to thermodynamic thresholds or activation barriers
to these reactions. The excellent agreement among our
measurements from the ethane and cyclopropane systems
suggests that no barriers in excess of the endothermicities
exist, because the reaction mechanisms and the potential
energy surfaces for the alkane versus cyclopropane reac-
tions should be quite different, as discussed further below.
RuCH3
1
The RuCH3
1 ion is formed in all three alkane reaction
systems (Figures 1, 2, and 3) in Reactions 6, 20, and 31.
From the thresholds measured for these processes (Ta-
ble 3), D0(Ru
1–CH3) values of 1.65 6 0.08, 1.49 6 0.05
eV, and a very low value of 0.9 6 0.2 eV, respectively,
are derived using eq 44. In related work, the reaction of
Ru1 with methanol yields RuCH3
1 with a threshold
corresponding to D0(Ru
1–CH3) 5 1.67 6 0.05 eV, in
excellent agreement with the value obtained from the
ethane system. Values derived from the propane and
isobutane results are probably low because of the
competition with other more favorable channels. This
kind of competitive shift has been observed previously
in the analogous reactions of Co1, Ni1, Cu1 [46], Rh1
[19], and Ag1 [21]. Thus, we take the average value of
1.66 6 0.06 eV, with pooled standard deviation [48],
from Reactions 6 and the methanol system as our best
measurement for D0(Ru
1–CH3).
As shown in Table 1, our measured value for
D0(Ru
1–CH3) is close to the theoretical values calcu-
lated by Bauschlicher et al. [27], 1.72 eV, and Siegbahn
et al., 1.83 eV [26], but 0.62 6 0.23 eV smaller than the
value obtained in a previous ion beam measurement by
Mandich, Halle, and Beauchamp (MHB) [11]. This
study also obtained D0(Ru
1–CH3) from the reaction of
Ru1 with ethane. As shown in Figure 5, the results are
very similar in the threshold region but differ at the
higher energies where the older data appear to incom-
pletely collect all product ions. The main discrepancy
between these experimental bond energies lies in the
details of the data analysis. Compared to our analysis
(Table 3), Mandich et al. used a much higher value for
the parameter n in eq 1. The quality of the present data
and the lack of excited Ru1 species allow a more
definitive analysis of these data with less uncertainty.
Similar considerations have previously been noted for
analysis of the M1 1 C2H6 3 MCH3
1 1 CH3 reactions
for M 5 Rh and Pd [19, 20].
It is worth considering whether the ground state
structure of RuCH3
1 is actually the ruthenium–methyl
cation or might be H–Ru1¢CH2 instead. Based on the
good agreement with the theoretical bond energy for
Ru1–CH3, it seems almost certain that the former struc-
ture is most stable. However, it is interesting to note
that the bond energy for RuCH3
1 3 RuCH2
1 1 H is
2.80 6 0.08 eV, based on the present thermochemistry.
This value is substantially less than the BDE of a typical
C–H bond of about 4.5 eV, and closer to that for Ru1–H,
1.6 eV. It seems clear that the RuCH2
1–H bond strength
is weaker than a typical C–H bond because the RuCH2
1
product is stabilized by the formation of a strong
Ru1–CH2 p bond.
RuCH3
Isobutane is the only system where RuCH3 is one of the
products, formed concomitantly with 2-C3H7
1 in Reac-
Figure 5. Cross sections for the reaction Ru1 1 C2H6 3
RuCH3
1 1 CH3, process 6, as a function of kinetic energy in the
CM frame. The filled circles show the present cross section data,
and the open circles the cross section data from [11] where a C2D6
reactant is used) divided by a factor of 2).
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tion 32. Analysis of the threshold for this process and
that for RuCH3
1 1 2-C3H7 (Reaction 31) yield Ru–C
bond energies that are well below expectations, pre-
sumably due to the severe competition with other much
more favorable channels. However, we do find that the
relative thresholds of these two channels are nearly
identical, with that for Reaction 32 being lower by 0.02
eV. Thus, we assign IE(RuCH3) ’ IE(2-C3H7) 1 0.02
eV 5 7.38 eV, with an uncertainty of 0.10 eV. We note
that this ionization energy is in good agreement with
the 7.40-eV value calculated by Bauschlicher et al. [27],
giving us some confidence in the thermochemistry
derived here. Using eq 46, we find that D0(Ru–CH3) ’
D0(Ru
1–CH3) 1 0.02 eV 5 1.68 6 0.12 eV, consistent
with the 1.76-eV value calculated by Bauschlicher et al.
[27] but somewhat less than the 1.99-eV value from
Siegbahn [28]. As in the case of RuH, this latter value is
probably too high.
RuC2H4
1
This ion is formed in all four systems, in Reactions 4, 17,
28, and 38. Reaction 4 is exothermic (Figure 1), estab-
lishing that D0(Ru
1–C2H4) . 1.34 eV. Deuterium iso-
tope labeling studies of Tolbert et al. indicate that this
reaction occurs primarily (73%) by 1,2-elimination [12],
indicating a Ru1(ethene) structure. Based on this bond
energy, CH2 elimination from cyclopropane (Reaction
38) should be endothermic by less than 2.6 eV. The
latter number is somewhat below the apparent thresh-
old near 3 eV (Figure 4b) observed for this reaction. This
somewhat elevated threshold is reasonable given the
severe competition between Reaction 38 and the much
more efficient Process 41.
This lower limit also indicates that alkane elimina-
tions from the larger alkane reactants, Processes 17 and
28, should be exothermic (by .0.54 and .0.32 eV,
respectively). As shown in Figure 2b, the cross section
for RuC2H4
1 formation exhibits a small exothermic
feature, consistent with inefficient formation of
Ru1(ethene) 1 CH4, followed by a much larger endo-
thermic feature. This endothermic feature, which has an
estimated threshold of 0.3 6 0.2 eV, could represent an
alternative pathway to this product channel that pro-
ceeds over an activation barrier or it could correspond
to the formation of the ethylidene isomer, Ru1¢CHCH3.
This latter hypothesis is clearly speculative, but one that
is bolstered by analysis of the RuC2H4
1 cross section in
the isobutane system (Figure 3c). Here, although forma-
tion of Ru1(ethene) is exothermic, there is clearly a
barrier to formation of the RuC2H4
1 species, measured
to be 0.56 6 0.08 eV. Mechanistically, loss of C2H6 from
isobutane is most readily achieved without structural
rearrangement if the Ru1¢CHCH3 species is formed. If
the ethylidene structure is presumed, the thresholds
determined for Reactions 17 and 28 correspond to
D0(Ru
1–CHCH3) values of 3.21 6 0.22 and 3.17 6 0.11
eV, respectively. These numbers agree nicely with one
another and are comparable to D0(Ru
1–CH2) 5 3.57 6
0.05 eV, determined above. We therefore assign
D0(Ru
1–CHCH3) as 3.19 6 0.15 eV.
RuC2H2
1
This ion is formed in all four systems examined here. In
the cyclopropane system, the reaction is clearly exother-
mic and exhibits no barrier in excess of the reactants’
energy, indicating that D0(Ru
1–C2H2) . 0.95 eV. In the
ethane system, Reaction 5 corresponds to dehydrogena-
tion of the primary Ru1(ethene) product. The E0 value
measured for this process, 1.10 6 0.18 eV (Table 3), can
be converted to D0(Ru
1–C2H2) 5 1.98 6 0.18 eV using
eq 44. This value is higher than that calculated by
Sodupe and Bauschlicher, 1.39 eV [32], but is compara-
ble to other transition metal ion–ethyne bond energies,
e.g., 1.9–2.6 eV for Sc1–Cr1 and 2.6 6 0.3 for Y1 [6a].
As noted above, it seems likely that formation of the
RuC2H4
1 species in the propane and isobutane systems
corresponds to a higher energy isomer, Ru1 5 CHCH3.
b,b-dehydrogenation of this species could form
Ru1(ethyne) or a,b-dehydrogenation could yield
Ru1 5 CCH2. The E0 values (Table 3) measured for
RuC2H2
1 formation are 1.21 6 0.07 (propane) and 1.9 6
0.2 (isobutane) eV. These thresholds correspond to
D0(Ru
1–ethyne) values of 1.33 6 0.07 and 0.86 6 0.2
eV, respectively, which are well below the value deter-
mined in the ethane system where there is little ambi-
guity in the structural assignment. If the alternate
isomer is formed, the thresholds yield D0(Ru
1¢CCH2) 5
3.39 6 0.19 and 2.9 6 0.3 eV, respectively. The former
value agrees reasonably well with D0(Ru
1¢CH2), Table
1, indicating the plausibility of this hypothesis in the
propane system.
RuC2H3
1
The RuC2H3
1 cation is formed in the propane system by
dehydrogenation of the primary RuC2H5
1 product ion,
Reaction 18, and in the cyclopropane system by methyl
elimination, Reaction 39. The E0 value obtained from
analysis of the former cross section (Table 3) yields a
Ru1–C2H3 bond energy of 3.03 6 0.07 eV. The esti-
mated onset for Reaction 39 yields a comparable BDE of
2.7 6 0.3 eV. This BDE is well above that for a rutheni-
um–carbon single bond, as characterized by D0(Ru
1–
CH3) 5 1.66 6 0.06 eV. If we presume that the struc-
ture of RuC2H3
1 is the ruthenium vinyl cation, then we
can explain this strong bond energy by noting that the
p electrons on the vinyl group can donate to the metal
ion. This type of phenomenon has been noted previ-
ously [6a] for early first-row transition metal ions (Ti1,
V1, and Cr1), where the average enhancement is 1.42 6
0.35 eV compared to the metal methyl ion species,
comparable to the 1.47 6 0.09 eV increase seen here. In
contrast, no enhancement is observed for late first-row
transition metal ions (Fe1 and Co1). Ru1 may differ
from these first-row species because a strong Ru–C
covalent bond is formed primarily using the 4ds or-
834 ARMENTROUT AND CHEN J Am Soc Mass Spectrom 1999, 10, 821–839
bital, thereby allowing Ru to accept the C–C p electrons
in its empty 5s orbital. The first-row metals need to use
the 4s orbital to form strong covalent bonds, such that
only the early first-row elements have empty 3d orbitals
that can act as efficient acceptors for the p electrons.
Another structure that should be considered is
H–Ru1–C2H2. Assuming this structure, the E0 value
measured for Reaction 18 corresponds to D0(HRu
1–
C2H2) 5 2.87 6 0.08 eV, above D0(Ru
1–C2H2) ’ 2.0 eV
measured above. Likewise, given this metal–ethyne
bond energy, we would estimate that D0[(C2H2)]Ru
1–
H] ’ 2.5 6 0.2 eV, well above D0(Ru
1–H) 5 1.62 6
0.05 eV (Table 1). These observations tend to suggest
that the ground state of RuC2H3
1 has the ruthenium
vinyl structure.
RuC2H5
1
This ion is formed in the C3H8 reaction system in
Reaction 16. Because this product dehydrogenates to
form RuC2H3
1 with little additional energy, it is impos-
sible to analyze the RuC2H5
1 cross section with any
confidence. Clearly, the threshold must lie below that
for Reaction 18, but is certainly less than 0.5 eV below.
This gives a conservative range for the threshold of
2.0–2.5 6 0.1 eV indicating that D0(Ru
1–C2H5) 5 1.2–
1.9 eV, consistent with D0(Ru
1–CH3) 5 1.66 6 0.06 eV.
Results for six first-row transition metal ions indicate
that D0(M
1–C2H5) are an average of 0.12 6 0.20 eV
stronger than D0(M
1–CH3) [6a]. Further, we have mea-
sured that D0(Rh
1–C2H5) is 0.33 6 0.19 eV stronger
than D0(Rh
1–CH3) 5 1.47 6 0.06 eV [19], consistent
with calculations of Perry [50]. Thus, the qualitative
thermochemistry measured here is consistent with a
ruthenium–ethyl cation structure. However, we should
also consider whether the structure of the RuC2H5
1
species could be a hydrido–ruthenium–ethene ion com-
plex, HRu1(C2H4). In this case, the thermochemistry
measured here gives D0[HRu
1–C2H4] 5 1.1–1.8 eV,
comparable to D0(Ru
1–C2H4) . 1.34 eV determined
above. Thus, the hydrido–ruthenium–ethene ion struc-
ture is also reasonable. Although a definitive structural
determination cannot be made, it seems likely that
RuC2H5
1 has the ruthenium–ethyl ion structure.
RuCxHy
1 (x 5 3 and 4)
Formation of RuC3H6
1 in Reactions 14 (C3H8 system)
and 26 (i-C4H10 system) are both exothermic (Figures 2a
and 3b), thereby setting lower limits of D0(Ru
1–C3H6)
.1.22 eV and .0.77 eV. Likewise, dehydrogenation of
isobutane to form Ru1(C4H8) in Reaction 24 is exother-
mic, indicating that D0(Ru
1–C4H8) . 1.14 eV. Labeling
studies of Tolbert et al. demonstrate that the dehydro-
genation reactions form propene and isobutene ligands
[12]. No more definitive thermodynamic information
about these species is available.
Formation of RuC3H4
1 in the C3H8 reaction system is
a double dehydrogenation process, Reaction 15. The
threshold measured for this reaction, 0.60 6 0.12 eV
(Table 3), gives D0(Ru
1–C3H4) 5 2.24 6 0.12 eV pre-
suming a propyne structure for C3H4 and 0.06 eV
higher presuming an allene structure. This species is
also formed in the isobutane system (Figure 3b) in a
process that must correspond to H2 1 CH4 elimination.
This reaction has a low threshold of 0.24 6 0.12 eV such
that D0(Ru
1–propyne) 5 2.16 6 0.12 eV, in good
agreement. The average of these BDEs, 2.20 6 0.10 eV,
is comparable to D0(Ru
1–C2H2) 5 1.98 6 0.18 eV,
which is evidence that the Ru1(propyne) isomer is
formed. This agreement also helps to verify the accu-
racy of the Ru1–C2H2 bond energy measured from
Reaction 5.
Formation of RuC3H4
1 in the c-C3H6 system is an
exothermic dehydrogenation process (Figure 4a). We
discount the possibility that this is cyclopropene bound
to Ru1 because dehydrogenation of cyclopropane costs
2.32 6 0.03 eV [44], and the bond energy of Ru1 to
cyclopropene is unlikely to exceed this energy. In
contrast, dehydrogenation of cyclopropane to form pro-
pyne or allene costs only 1.26 or 1.32 eV, respectively
(Table 2). Given the thermochemistry derived above,
formation of Ru1 bound to these species is exothermic,
consistent with experiment. A referee notes that a
metallacyclobutene species, formed by dehydrogena-
tion of the transient metallacyclobutane formed by
oxidative addition of a C–C bond to Ru1, is also
feasible. There is no thermodynamic information avail-
able to consider this possibility in more detail.
Double dehydrogenation of isobutane to form
RuC4H6
1 in Reaction 25 is also exothermic (Figure 3a). If
there is no skeletal rearrangement of the hydrocarbon,
the C4H6 ligand will be trimethylene methane, although
this assumption leads to a fairly strong bond energy of
D0(Ru
1–C4H6) . 4.28 6 0.13 eV. If the ligand is 1,3-
butadiene, the most stable C4H6 isomer, then D0(Ru
1–
C4H6) . 2.38 6 0.01 eV. RuC3H2
1 is formed in the
cyclopropane system by double dehydrogenation in
Reaction 37 (Figure 4a), and triple dehydrogenation of
isobutane leads to RuC4H4
1 (Figure 3a). The structure of
these species cannot be specified with any certainty and
hence no bond energies are ascertained here. The E0
estimated for Reaction 37 (Table 3) defines a heat of
formation of the RuC3H2
1 cation of 16.1 6 0.3 eV. An E0
of about 1.7 6 0.2 eV for formation of RuC4H4
1 in the
isobutane system defines a heat of formation for this
species of 14.6 6 0.2 eV.
Bond-Energy Bond-Order Correlation for Ru1–
CHx Bonds
One interesting way of investigating the bond order of
simple metal ligand species is to compare with organic
analogues [51], i.e., D0(Ru
1–L) versus D0(L–L). Such a
plot is shown in Figure 6. It can be seen that the
correlation between these BDEs is remarkably good,
which suggests that Ru1–H and Ru1–CH3 are single
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bonds, Ru1¢CH2 is a double bond, and Ru
1¢CH is a
triple bond. The point that lies furthest from the regres-
sion line is for Ru1–C, correlated with the bond energy
of C2. In this case, the RuC
1 bond energy lies above the
line because the covalent double bond in this molecule
can be augmented by back donation of a doubly occu-
pied 4dp orbital on Ru1 into the empty 2pp orbital on
C, something that cannot happen in the C2 molecule.
Reaction Mechanisms
In previous studies [12], the activation of small alkanes
by Ru1 was explained by an oxidative addition mech-
anism. In such a mechanism, Ru1 inserts into a C–H or
C–C bond to form R–Ru1–H or R9–Ru1–CH3 interme-
diates. Products can be formed by reductive elimination
of small molecules such as H2 and CH4 (which involves
rearrangement of the intermediate through b–H or
b–CH3 transfers) at low energies, and by metal–hydro-
gen or metal–carbon bond cleavage at high energies.
This mechanism has also been invoked to interpret
experimental observations for the reactions of the first-
row transition metal congener, Fe1, with alkanes [52–
55]. As discussed in some detail in our paper on the
reactions of Rh1 with alkanes [19], recent theoretical
work calls this time-honored mechanism into question
for reactions of late first- and second-row transition
metal ions with alkanes. In the case of Rh1, there were
extensive theoretical calculations on several systems
[50, 56] that allowed us to discuss both likely and
possible mechanisms in detail. With one exception
involving methane [16, 57, 58], comparable calculations
have not been performed for the Ru1 analogues.
Comparison of the experimental results for reactions
of alkanes with Ru1 and Rh1 shows strong similarities
(both in absolute cross sections and product distribu-
tions). Major differences in the reactivities of Ru1
versus Rh1 are few. First, the RhH bond (D0 5 2.42 6
0.06 eV) is stronger than RuH (D0 5 2.27 6 0.15 eV)
whereas the cationic metal hydride bond energies are
similar, D0(Rh
1–H) 5 1.67 6 0.04 eV and D0(Ru
1–H) 5
1.62 6 0.05 eV. Thus, IE(RhH) 5 8.21 6 0.07 eV com-
pared to IE(RuH) 5 8.01 6 0.15 eV, such that competi-
tion between formation of R1 1 MH and MH1 1 R is
substantially different in the two systems. This differ-
ence is most apparent in the ethane and cyclopropane
systems where the favored channels are RuH1 1 R
versus R1 1 RhH. Second, the RuC1 and RuCH1
bonds are stronger than the rhodium analogues by
about 0.5 eV, while the RuCH2
1 and RuCH3
1 bond
energies are similar to those of RhCH2
1 and RhCH3
1.
Thus, formation of MC1 and MCH1 products is much
more efficient in the ruthenium systems compared to
the rhodium reactions. Further, reactions such as
MC1 1 2 CH4 in the propane system and MC
1 1 C2H6
in the cyclopropane system are observed for ruthenium
but are not evident for rhodium.
Overall, it seems likely that the mechanisms for the
reactions of Ru1 with alkanes parallel those for the
reactions of Rh1 and we refer the reader to our previous
work [19] for a thorough discussion of these possibili-
ties. The key conclusion of this work (based on the
theoretical work of Perry [50]) is that efficient dehydro-
genation reactions occur via a (H)2M
1(alkene) interme-
diate that can be formed directly from reactants by
concerted oxidative addition of two C–H bonds on
adjacent carbons to the metal center. We postulated that
C–C bond activation leading to exothermic alkane elim-
ination was inefficient because formation of a
(H)(R)M1(alkene) intermediate is not as facile. This is
because the concerted process leading to this interme-
diate is inhibited by the directionality of the sp3 hybrid-
ized alkyl (as opposed to the spherically symmetric H
atom). It is possible that the alkane elimination reac-
tions occur via the classic mechanism involving
R–Ru1–H or R9–Ru1–CH3 intermediates, noted above.
Such intermediates are almost certainly more important
at elevated reaction energies as well. In the cyclopro-
pane system, all observed reactions can be explained in
terms of a metallacyclobutane intermediate formed by
oxidative addition of a C–C bond to the metal center.
Reactivity Differences Between Ru1 and Fe1
The kinetic energy dependencies of the reactions of Fe1
(the first-row transition metal congener of Ru1) with
C2H6, C3H8, c-C3H6, and HC(CH3)3 have been studied
previously [52–55]. The differences in reaction behavior
between Ru1 and Fe1 can be summarized fairly suc-
cinctly, although differences in the electronic states of
the two metals should be kept in mind. Specifically, the
excited 4F(3d7) state of Fe1 (lying 0.23 eV above the
Figure 6. Correlation of Ru1–L bond energies (from Table 1)
with those for the organic analogues, L–L (derived from informa-
tion in Table 2). The line is a linear regression analysis of all data
but that for L 5 C with an intercept constrained to zero.
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ground state [59]) has been shown to be more reactive
than the 6D(4s13d6) ground state [53, 60], whereas the
reactivity examined here for Ru1 involves only the
4F(4d7) ground state. (The excitation energy of the
6D(5s14d6) state of Ru1 is 1.135 eV [49].) However,
branching ratios of the exothermic channels in reactions
of Fe1 with propane and n-butane are insensitive to the
electronic state [53, 60]. It is also worth noting the
energy of the excited doublet states of these ions, the
lowest of which is a 2G. For Ru1, this state lies 1.35 eV
above the 4F ground state [49], while for Fe1, the
excitation energy is 1.96 eV [59].
The first difference in the reactivity of Ru1 and Fe1
involves the dehydrogenation processes. Reactions 4,
14, 24, and 36 are observed to be exothermic and
efficient, whereas the corresponding reactions in the
Fe1 systems are relatively inefficient. Indeed, dehydro-
genation of cyclopropane by Fe1 is not observed at all
[54]; and an activation barrier to dehydrogenation of
ethane by Fe1, an overall exothermic process, is ob-
served [53]. Dehydrogenation of propane by Fe1(4F)
and Fe1(6D) is observed at thermal energies but is over
an order of magnitude (factors of approximately 15 and
40, respectively) less efficient compared to Ru1(4F) [53,
55]. Absolute cross sections for reaction of Fe1 with
isobutane have not been published. Second, exothermic
eliminations of alkanes (Reaction 17 in the propane
system and Reactions 26 and 28 in the isobutane sys-
tem) are inefficient for Ru1, whereas the corresponding
reactions with Fe1 are observed to occur readily at
thermal energies [52, 53, 55, 60]. For propane, methane
elimination is three times more efficient than H2 elimi-
nation; and for isobutane, H2 and methane elimination
have comparable probabilities. Third, formation of
MCH2
1 in the alkane systems (such as Reactions 7 and
21) occurs at their thermodynamic thresholds in the
Ru1 systems, whereas the corresponding reactions in
the Fe1 systems exhibit activation barriers and are
much less efficient. Fourth, subsequent dehydrogena-
tion of primary products (forming species such as
RuC1, RuCH1, RuC2H2
1, RuC2H3
1, RuC3H2
1, RuC3H4
1,
RuC4H4
1, and RuC4H6
1) is pronounced in the ruthenium
systems, but analogous processes are not observed in
the iron systems.
The relative efficiencies of the dehydrogenation re-
actions can be understood by different mechanisms
operating in the two metal systems. In contrast to the
ruthenium system where dehydrogenation probably
proceeds through (H)2M
1(alkene) intermediates, this
species is not a stable minimum when M 5 Fe [61, 62].
This is most easily rationalized by noting that the
ground state of (H)2M
1(alkene) should have doublet
spin with hybridized s-ds orbitals, as this allows two
strong covalent M–H bonds and a strong dative M–alk-
ene bond. As noted above, the doublet states of Fe1
high in energy and sd hybridization is relatively ineffi-
cient such that this intermediate is unstable. Instead,
Fe1 is calculated to induce dehydrogenation by initial
C–H bond activation to form a R–Fe1–H intermediate,
which has a quartet ground state, thereby explaining
the relative reactivity of Fe1(4F) versus Fe1(6D). This is
then followed by a multicenter transition state (MCTS)
leading to H2 elimination. Such multicenter processes
are found to be the rate-limiting step in theoretical
studies of late first-row transition metal cations (Fe, Co,
and Ni) [50, 61–64] and are consistent with experiments
as well [65, 66].
Alkane elimination can be induced by Fe1 at thermal
energies by initial C–H or C–C bond activation to form
R–Fe1–H or R9–Fe1–CH3, followed by MCTSs [62,
64–66]. As these paths have comparable energetics to
the dehydrogenation path, alkane and H2 eliminations
are competitive processes in the reactions of Fe1 with
alkanes. In contrast, a low-energy pathway for alkane
elimination similar to the concerted C–H oxidative
addition path suggested for dehydrogenation is appar-
ently not available for Ru1, as noted above. Hence, C–C
bond activation is much less facile and may follow a
similar path as the Fe1 mechanism.
Differences in the efficiencies of MCH2
1 formation in
the Fe and Ru systems also involve a change in mech-
anism, which has been investigated for the analogous
reaction with methane, M1 1 CH4 3 MCH2
1 1 H2.
Experimental and theoretical results are available for
reaction of Fe1 with CH4 [67, 68], while we assume that
the Ru1 system parallels detailed theoretical studies of
Rh1 1 CH4 [56, 58]. The first step in the reaction for
both metals is oxidative addition to form H–M1–CH3, a
species that has a quartet spin. If the quartet surface is
followed, H2 elimination occurs via a four-centered
transition state, which lies at the top of a barrier along
the potential energy surface. This is the mechanism
followed by iron. However, the second-row transition
metals have accessible low-spin states (doublets in the
case of Ru) such that H-atom migration can form
(H)2MCH2
1 (which must be a doublet if all four bonds to
the metal are covalent), which then eliminates H2. As
for the low-spin (H)2M
1(alkene) species, this interme-
diate is not available in the Fe1 system because of the
relative energy of the doublet state and inefficient sd
hybridization. Further, the spin–orbit coupling neces-
sary to mix the doublet and quartet surfaces is undoubt-
edly more effective for the heavier metal.
One way of better understanding the differences in
Ru1 and Fe1 reactivity is to consider the reverse reac-
tion, i.e., H2 (or alkane or alkene) activation by MCH2
1.
The following discussion is consistent with simple
molecular orbital ideas developed for the activation of
H2 and CH4 by metal oxide ions [69]. As discussed in
detail elsewhere [2, 3], activation of covalent bonds at
transition metal centers is most facile when the metal
has an empty s-like valence orbital to accept the pair of
electrons in the covalent bond, and when it has a pair of
valence dp-like electrons to donate into the antibonding
orbital of the bond to be broken. For the metal methyl-
idenes, the valence molecular orbitals (MOs) are 1a1
and 1b1 M–C bonding; 1a2, 1b2, and 2a1 d-like non-
bonding; a 3a1 s-like nonbonding; and 2b1 and 4a1
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antibonding orbitals. For these species, the most likely
acceptor orbital is the 3a1 MO and the p-donor orbital
is one of the nonbonding MOs. Low-lying states include
4B1 with a (1a1)
2(1b1)
2(1a2)
1(1b2)
1(2a1)
2(3a1)
1 electron
configuration [a nearly degenerate 4B2 state has (1a1)
2
(1b1)
2(1a2)
2(1b2)
1(2a1)
1(3a1)
1], and 2A2 with a (1a1)
2(1b1)
2
(1a2)
1(1b2)
2(2a1)
2(3a1)
0 electron configuration [a nearly
degenerate 2A1 state has (1a1)
2(1b1)
2(1a2)
2(1b2)
2(2a1)
1
(3a1)
0][30]. The ground state of FeCH2
1 is the 4B1 with
the 2A2 state about 0.9 eV higher in energy [30], while
RuCH2
1 has a 2A2 ground state with the quartet states
lying about 0.5 eV higher [29]. This difference in ground
state configurations can be attributed to the higher
energy of the s orbital in the Ru1 system (4d7 ground
state) compared with Fe1 (4s13d6 ground state) and
smaller exchange energy for the heavier atom. Note that
both the doublet and quartet states have doubly occu-
pied dp-like donor orbitals, but the 3a1 acceptor orbital
is occupied in the quartet states and empty in the
doublets. Thus, the interaction of ground state FeCH2
1
(and excited RuCH2
1) with H2 (and alkanes or alkenes)
is relatively repulsive and leads to an activation barrier.
In contrast, the empty acceptor orbital in ground state
RuCH2
1 (2A2) avoids the repulsive interactions and
allows facile activation of H2 (and alkanes or alkenes) at
the metal center to form (H)2RuCH2
1 (and higher order
analogues). The comparable 2A2 state for FeCH2
1 is too
high in energy to be a viable path for reaction.
Further dehydrogenation of the primary products by
Ru1 can presumably be explained in a similar manner.
Metal–ligand complexes such as MCxHy
1 can rearrange
by H-atom migrations to (H)2M
1(CxHy22) species in
the case of Ru while such intermediates are unstable for
Fe.
Overall, the differences in the reaction behavior of
late first-row versus second-row transition metal cat-
ions can be rationalized by noting that the s1dn config-
uration is more stable for the first-row metals, sd
hybridization is more effective for second-row metals
[50], and low-spin states are energetically accessible for
second-row metals. The former effect stabilizes interme-
diates like R–M1–H and R9–M1–CH3, whereas the
latter effects stabilize intermediates like (H)2M
1(alkene)
and (H)2MCH2
1. The relative stabilities of these inter-
mediates then control the reaction pathways available.
Conclusion
Ground state Ru1 ions are found to be very reactive
with C2H6, C3H8, HC(CH3)3, and c-C3H6 over a wide
range of kinetic energies. Efficient dehydrogenation is
observed at thermal energies in all four reaction sys-
tems, whereas alkane elimination is nearly absent. At
high energies, the dominant process in the ethane,
propane, and isobutane systems is C–H bond cleavage
to form RuH1 1 R (ethane) or RuH 1 R1 (propane and
isobutane). In contrast, the cyclopropane system is
dominated by C–C bond cleavage to form RuCH2
1 1
C2H4 at elevated energies. The endothermic reaction
cross sections are modeled to yield 0-K bond dissocia-
tion energies for several Ru–ligand cations and the RuH
and RuCH3 neutrals, as summarized in Table 1. In most
cases, reasonable agreement is found for these values
compared with previous experimental and theoretical
work. For larger ligands, more speculative BDEs are
assigned because ambiguities exist in the structures of
several RuCxHy
1 species where x $ 2. Lower limits to
Ru1–alkene BDEs are established by the observation of
exothermic dehydrogenation reactions.
Possible mechanisms for the reactions of Ru1 with
these hydrocarbons are discussed briefly and rely
heavily on our previous experimental work and theo-
retical results for the related Rh1 systems [18, 19, 50,
56]. These considerations suggest that the mechanisms
of Ru1 are quite distinct from those of Fe1, the first-row
transition metal congener. This is consistent with sev-
eral differences observed in the reaction behavior of
these two metal ions. These differences are discussed in
detail and can be attributed to the accessibility of the
s1d6 configuration in the case of Fe1 versus the effec-
tiveness of sd hybridization and spin–orbit coupling
and the availability of low-spin doublet states in the
case of Ru1.
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